Background The aim of the study was to determine the efficacy and safety of triple therapy with a first-generation protease inhibitor (PI; boceprevir, telaprevir) plus peginterferon alfa-2a or -2b plus ribavirin, and dual therapy (peginterferon alfa-2a or -2b plus ribavirin) in patients with chronic hepatitis C (CHC) in routine clinical practice.
Introduction
Hepatitis C virus (HCV) is the most common infectious cause of chronic liver disease. More than 185 million people worldwide are infected with HCV, of whom 350,000 die each year [1] . The highest prevalence of chronic hepatitis C (CHC) is in Asia, the Middle East and North Africa. Untreated CHC can result in cirrhosis, liver failure and hepatocellular carcinoma [1] . HCV genotype (G) 1 is the most prevalent among HCV genotypes, comprising almost half of all HCV infections [2] . Patients with CHC have a 15-30% risk of cirrhosis within 20 years [3] , while the risk of hepatocellular carcinoma for people with cirrhosis is approximately 2-4% per year [4] . It has been estimated that HCV infection accounts for the loss of over 12,000 disability-adjusted life years worldwide [5] .
The primary objective of CHC treatment is eradication of the virus from the host, usually characterized as a sustained virological response (SVR), defined by the absence of detectable HCV RNA in the serum 3-6 months after the end of treatment (EoT) [1] . Until 2011, the combination of peginterferon alfa and ribavirin for 24 or 48 weeks (dual therapy) was the standard of care for patients with CHC, and produced an overall SVR rate of approximately 40%. SVR rates with interferon-based therapy vary according to host and viral factors, such as HCV genotype, HCV RNA level, host IL28B genotype and the extent of hepatic fibrosis. Since 2011, direct-acting antivirals (DAAs) have been available for the treatment of CHC. The first DAAs, boceprevir and telaprevir, were inhibitors (PI) of the HCV protease NS 3/4A and, when added to peginterferon alfa/ribavirin as triple therapy, improved SVR rates to approximately 60-70% in G1 patients [6, 7] . First-generation PI-based triple therapy is associated with a higher rate of hematological adverse events (AEs), in particular anemia, and potentially severe hypersensitivity reactions are common with telaprevir [6] [7] [8] [9] . While tolerability was an issue, and the costs of treatment made DAAs unavailable for many patients, triple therapy became the standard of care for patients with G1 infection. Boceprevir and telaprevir have since been superseded by next-generation DAAs with improved efficacy and tolerability, and with the availability of interferon-free combinations of DAAs with higher efficacy and broader genotype coverage, these two drugs have been withdrawn from the US market [10] [11] [12] . However, availability and cost considerations mean that many patients still do not have access to newer DAAs, so that peginterferonbased regimens may still be relevant in some countries [11, 12] .
The PegBase study is an international, prospective, observational study that was initiated after the first PIs became available in 2011 with the objective of characterizing the efficacy and safety of boceprevir-and telaprevir-based triple therapy, as well as dual therapy, in patients with CHC in routine clinical practice.
Patients and methods
The PegBase study was a prospective, international cohort study in patients with CHC conducted in 27 countries (Belgium, Egypt, Estonia, France, Germany, Greece, Hungary, Ireland, Italy, Kuwait, Lebanon, Former Yugoslav Republic of Macedonia, Morocco, Oman, Pakistan, Portugal, Qatar, Romania, Saudi Arabia, Serbia, Sweden, Switzerland, Syrian Arab Republic, Taiwan, Turkey, United Arab Emirates and the United Kingdom).
Adult patients with untreated or previously treated CHC were eligible if they had quantifiable HCV RNA at the start of treatment and were prescribed, as part of standard care according to local labeling, either dual combination therapy with peginterferon alfa-2a or -2b plus ribavirin, or boceprevir-or telaprevir-based triple therapy incorporating peginterferon alfa 2a or 2b plus ribavirin. Patients with hepatitis B virus coinfection were excluded. Drug dosages and treatment durations were left to the discretion of the investigator and were to be determined according to the local label and standards of practice. Patients were followed up for 24 weeks after completion of treatment.
The current analysis includes results from HCV monoinfected patients who received dual peginterferon alfa/ribavirin therapy, and patients with HCV G1 infection who received boceprevir-or telaprevir-based triple therapy, and comprised the core population. A comprehensive list of exclusion criteria used to define the core population for this analysis is shown in Supplemental Table 1 . The protocol was approved by the Independent Ethics Committee or Institutional Review Board at each center, and each patient provided written informed consent. The trial is registered with clinicaltrials.gov: NCT01447446.
Study endpoints
Virological response (VR) was defined as HCV RNA <50 IU/mL (dual therapy) or undetectable HCV RNA (triple therapy), using a test with a lower limit of detection ≤50 IU/mL. The primary endpoint of the study was SVR. When the trial was designed, SVR was defined as VR at 24 weeks post-treatment (SVR24); however, after the study was initiated, determination of SVR at 12 weeks post-treatment (SVR12) became an accepted definition for treatment success [13] . Both SVR12 and SVR24 were obtained and are presented. However, in this real-world study, patients who achieved an SVR12 may have been less likely to return for an assessment at 24-week follow up. SVR12 and SVR24 were defined as achievement of a VR ≥70 and ≥140 days after the day of last treatment. Scheduling of HCV Funding: F. Hoffmann-La Roche Ltd., Basel, Switzerland
Correspondence to: Alessandra Mangia, Liver Unit, IRCCS Hospital "Casa Sollievo della Sofferenza", San Giovanni Rotondo, Italy, Tel.: +39 0882 416375, Fax: +39 0882 416271, e-mail: a.mangia@tin.it RNA assessments was at the discretion of the local investigator. HCV RNA was measured using polymerase chain reaction according to standard methods. Secondary endpoints included on-treatment VR rates, relapse rates (defined as detectable HCV RNA during follow up in recipients of triple therapy or HCV RNA ≥50 IU/mL during follow up in recipients of dual therapy in patients with an EoT VR) and rates of breakthrough (HCV RNA detectable/≥50 IU/mL while still on treatment after an initial response), or rebound (≥1-log 10 increase in HCV RNA over nadir during treatment). Extended rapid VR (eRVR) was defined as a VR at weeks 4 and 12 of treatment in patients treated with telaprevir and a VR at weeks 8 and 24 in patients treated with boceprevir.
VR rates were also presented by fibrosis status. Investigators reported the method of assessment (biopsy, noninvasive or best guess) and the result of assessment (cirrhosis, transition to cirrhosis, no cirrhosis) on the electronic case report form (eCRF). For patients with a biopsy result, transition to cirrhosis was prespecified in the eCRF as ISHAK stage 5 4 . In the present analysis, cirrhosis and transition to cirrhosis were combined into one category. For patients with no documented biopsy result, the determination was based either on a noninvasive assessment (if documented in the patient record) or a "best guess" assessment. In such cases, one of the three categories (cirrhosis, transition to cirrhosis and no cirrhosis) was reported in the eCRF, based on the investigator's judgment without prespecified definitions.
Safety endpoints included AEs, serious AEs (SAEs), laboratory abnormalities and dose modifications of peginterferon alfa and ribavirin. AEs were recorded continuously. Laboratory (hematological) parameters were measured at the discretion of the investigator according to local guidelines.
Statistical analysis
For statistical analysis, no hypothesis testing was performed and the endpoints were analyzed by descriptive and exploratory methods. The planned sample size of 4000 patients included in the overall study was based on feasibility considerations and no formal sample size calculations were performed. All analyses reported here were conducted in the core study population.
VR rates were calculated with 95% confidence intervals, based on the normal approximation to the binomial distribution. Subgroup analyses were performed by HCV genotype (dual therapy only), presence or absence of transition to cirrhosis or cirrhosis, host rs12979860 IL28B gene polymorphism, and baseline HCV RNA level (≤400,000 or >400,000 IU/mL). For patients with missing virological data during the treatment period, if the HCV measurements before and after the missing measurement both showed VR, the missing measurement was assumed to also show VR. Similarly, for patients with a missing EoT measurement, if the next available measurement post-treatment showed VR, VR was assumed for EoT. In all other cases, missing measurements were considered as nonresponse.
AEs were categorized according to the Medical Dictionary for Drug Regulatory Affairs version 18.1 and expressed as the proportion of patients with an AE. Laboratory safety variables were converted to SI units if required, with the results transformed to a standard reference range to allow comparison of results from different laboratories.
Results
A total of 4441 patients were enrolled and followed up between 1 September 2011 and 24 July 2015. Of these, 4352 individuals received at least one dose of study medication and were included in the safety population. A total of 252 patients in the safety population were excluded from the core population (Supplemental Table 2 ). The core population for analysis comprised 4100 patients, of whom 1292 were assigned to boceprevir-or telaprevir-based triple therapy (all infected with HCV G1). Baseline characteristics are shown by treatment regimen and treatment history for patients receiving triple therapy in Table 1 and for treatment-naïve patients receiving dual therapy in Table 2 .
Among patients assigned to triple-therapy, 70.2% received telaprevir and 29.8% boceprevir (Fig. 1) . Patient disposition is shown in Table 3 and reasons for premature withdrawal from treatment are shown in Table 4 .
VR in treatment-naïve patients receiving triple therapy
Among treatment-naïve patients assigned to triple therapy, SVR12 rates were 56.6% and 62.9% for patients who received boceprevir in combination with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ribavirin, respectively, and 65.3% and 58.6% for patients who received telaprevir in combination with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ ribavirin, respectively ( Fig. 2A ). Corresponding relapse rates in patients evaluable for relapse in these four treatment groups were 14.1%, 18.5%, 15.7% and 5.6%, respectively (Fig. 2B) , whilst breakthrough or rebound occurred in 8.2%, 14.3%, 8.1% and 23.1%, respectively, of patients evaluable for breakthrough or rebound (Table 5 ).
An eRVR was achieved by 46.9% and 42.9% of patients receiving boceprevir with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ribavirin, respectively, and 42.8% and 37.9% of patients receiving telaprevir with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ribavirin, respectively. SVR12 rates were consistently higher in non-cirrhotic than in cirrhotic patients and in patients with IL28B CC genotypes than in those with non-CC genotypes across the four treatment groups (Table 6 ). SVR12 rates also tended to be higher among (Contd...) (5) 37 (7) 2 (4) Non-response 82 (55) 28 (48) 248 (47) 17 (30) Other 17 (11) 7 (12) 68 (13) 10 (18) Missing 1 (1) 1 (2) 6 (1) 1 (2) IL28B rs12979860 genotype was known for 257 treatment-naïve patients and 449 treatment-experienced patients; percentages are calculated from those with available data. One treatment-experienced patient was negative for rs12979860 HCV, hepatitis C virus; PegIFN, peginterferon; RBV, ribavirin; SD, standard deviation patients with low baseline HCV RNA levels (≤400,000 IU/mL), although this was not the case in the small number of patients with low HCV RNA levels assigned to boceprevir plus peginterferon alfa-2a/ribavirin (n=32; Table 6 ).
VR in previously treated patients receiving triple therapy
SVR12 rates were generally lower in previously treated patients than in treatment-naïve patients assigned to the same treatment group (Tables 5, 6 ). Among previously treated patients assigned to triple therapy, SVR12 rates were 43.6% and 48.3% for patients who received boceprevir plus peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ ribavirin, respectively and 60.3% and 56.1% for patients who received telaprevir plus peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ribavirin, respectively (Fig. 2C ). Corresponding relapse rates in these four treatment groups were 28.1%, 22.2%, 12.6% and 8.6%, respectively, among patients evaluable for relapse (Fig. 2D) , whilst breakthrough or rebound occurred in 9.2%, 17.0%, 18.7% and 20.8%, respectively, of patients evaluable for breakthrough or rebound (Table 5) .
Consistently with trends observed in treatment-naïve patients, SVR12 rates were generally higher among previously treated patients who were non-cirrhotic compared to those who were cirrhotic, and among those with low baseline HCV RNA levels (Table 6 ). SVR12 rates tended to be higher in patients with CC than in those with non-CC genotypes, although the number of patients with CC genotypes was very small among previously treated patients (i.e., 3 of 4 groups had ≤10 patients) and the trend was not observed consistently in all treatment groups. SVR12 rates were generally, but not exclusively, higher in patients with a prior relapse than among those with a prior breakthrough or non-response (Table 6 ). When all four triple therapy groups were combined, the overall response rates in patients with a prior relapse, breakthrough or non-response were 73.8% (197/267), 55.3% (26/47) and 44.3% (166/375), respectively.
Safety in patients receiving triple therapy
Across the four triple-therapy treatment groups, the overall incidence of AEs ranged from 76.7% to 90.7% and the overall incidence of SAEs ranged from 4.7% to 19.9% (Table 7) . The spectrum and frequency of individual AEs was similar to that reported previously, with anemia being the most frequently reported AE. Safety-related dose modifications were required (Table 7) . Approximately 40% of patients in each treatment group experienced a hemoglobin level <100 g/dL during therapy and approximately 40% to 50% of patients experienced a platelet level <100 × 10 9 /L at some point during treatment (Table 7) . Hepatic failure was rare, being reported as an SAE in two patients assigned to telaprevir plus peginterferon alfa-2a/ribavirin and as a non-serious AE in two additional patients (one assigned to boceprevir plus peginterferon alfa-2a/ribavirin, and one assigned to telaprevir plus peginterferon alfa-2a/ribavirin). Infections were reported as SAEs in 11 of 385 (2.9%) patients assigned to boceprevirbased triple therapy and in 34 of 907 (3.7%) patients assigned to telaprevir-based triple therapy. A total of 11 patients assigned to boceprevir-or telaprevir-based triple therapy died during the study; seven of the deaths were unrelated to CHC or treatment. Two deaths were considered to be related to CHC and to the study drug in the opinion of the investigator; both patients had been assigned to telaprevir plus peginterferon alfa-2a (one death was attributed to esophageal variceal hemorrhage and the other to hepatic failure). Two additional deaths from liver cancer, both in patients assigned to telaprevir plus peginterferon alfa-2a, were considered to be related to CHC, but not to the study drug. 
PegIFN, peginterferon; RBV, ribavirin
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VR and safety in patients receiving dual therapy
Among treatment-naïve patients assigned to dual therapy with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ ribavirin, SVR12 rates were 49.2% and 41.9%, respectively, in patients with G1 infection, 75.7% and 83.3% in patients with G2 infection, 65.9% and 65.9% in patients with G3 infection, and 49.7% and 51.1% in patients with G4 infection (Table 8) . SVR12 rates are shown by HCV genotype and baseline characteristic in Table 9 .
Among previously treated patients assigned to dual therapy with peginterferon alfa-2a/ribavirin and peginterferon alfa-2b/ ribavirin, overall SVR12 rates were 35.6% (124/348) and 25.6% (21/82), respectively.
The overall safety profile of dual therapy is presented in Table 10 . Among patients assigned to peginterferon alfa-2a/ ribavirin and peginterferon alfa-2b/ribavirin, the incidence of AEs was 60.3% and 65.7% respectively, and the incidence of SAEs was 6.4% and 6.7%, respectively. The most commonly reported AE was anemia (in 19.7% and 28.6% of patients, respectively). Safety-related dosage modifications were required more frequently for ribavirin than for the peginterferon alfa component of the respective regimens and the most frequently cited reason for ribavirin dose reductions was anemia (in 13.6% and 20.4% of patients assigned to peginterferon alfa-2a/ ribavirin and peginterferon alfa-2b/ribavirin, respectively) ( Table 10) .
Hepatic failure was reported as an SAE in three patients (two recipients of peginterferon alfa-2a and 1 recipient of peginterferon alfa-2b). Infections were reported as SAEs in 35 of 2312 (1.5%) patients assigned peginterferon alfa2a plus ribavirin and in 8 of 496 (1.6%) patients assigned to peginterferon alfa-2b plus ribavirin. A total of nine patients assigned to dual therapy died, including 6 deaths in patients treated with peginterferon alfa-2a/ribavirin and 3 deaths in patients treated with peginterferon alfa-2b/ribavirin. All were unrelated to treatment in the opinion of the investigator, two were considered to be related to CHC (septic shock in a patient treated with peginterferon alfa-2a/ribavirin, and gastrointestinal hemorrhage in a patient treated with peginterferon alfa-2b/ribavirin), and for two patients no assessment of the relationship to CHC was provided.
Discussion
With the advent of second-generation DAAs, telaprevir and boceprevir have been withdrawn from the US market and PI-based triple therapy and dual peginterferon alfa/ ribavirin therapy are no longer recommended in treatment guidelines as a preferred treatment for patients infected with HCV G1 [10] [11] [12] . However, availability and cost restrictions mean that peginterferon-based regimens may continue in some countries, as is explicitly recognized by the European and Asian guidelines [11, 12] . It therefore remains important to understand the efficacy and safety of peginterferon-based regimens in real-world settings, and the PegBase observational study provides data to this end.
The efficacy of first-generation PI-based triple therapy in PegBase was somewhat lower than that reported in phase III studies. The range of SVR12 rates achieved in treatmentnaïve patients with boceprevir-based triple therapy in the PegBase study (57-63%) overlaps with that obtained in the phase III trial (SPRINT-2, 63-66%) [7] . SVR12 rates achieved with telaprevir-based triple therapy in PegBase (59-65%) are below those observed with the approved regimen in ADVANCE (75%) [6] and ILLUMINATE (72%) [14] . These results are likely to be a reflection of differences between the highly restrictive criteria used to select patients for registration studies, the heterogeneous characteristics of patients encountered in routine clinical practice, and differences in the extent of monitoring and follow up between registration trials and real-world studies. For example, a higher proportion of patients with fibrosis assessments had transition to cirrhosis or had cirrhosis in PegBase (>30%) than in phase III trials of boceprevir (7-9%) or telaprevir (20%).
Likewise, in previously treated patients, overall SVR12 rates in PegBase were 44-48% in patients assigned to boceprevir-based triple therapy, compared with 59-66% in RESPOND-2 [8] , 56-60% in patients assigned to telaprevir-based triple therapy and 64% with the approved regimen in REALIZE [9] . Responses in previously treated patients are largely a reflection of the type of prior therapy, for example, interferon monotherapy or combination therapy with ribavirin, and the nature of the prior response to interferon-based therapy, with generally higher SVR rates in relapsers than in non-responders [15] [16] [17] . In RESPOND-2, approximately two-thirds of patients had a prior relapse and approximately one-third of patients had a prior non-response to peginterferon-based therapy [8] . Likewise, more than half of the patients in REALIZE (53%) had a previous relapse and 28% had a previous non-response to peginterferonbased therapy [9] . In contrast, almost half of the previously treated patients enrolled in the present study were prior nonresponders, while only one-third of them had experienced a prior relapse. In addition, some previously treated patients had received conventional interferon monotherapy or peginterferon monotherapy. Thus, differences in response rates between VR was defined as undetectable HCV RNA as assessed by a test with lower limit of detection ≤50 IU/mL, *eRVR was defined differently for patients receiving telaprevir (VR at weeks 4 and 12) and boceprevir (VR at weeks 8 and 24), Relapse was defined as non-response at the last HCV RNA assessment during the treatment-free follow-up period in patients with an EoT response. Patients were included in the calculation of relapse if they had an EoT response and an available HCV RNA measurement for SVR12 or an earlier follow-up assessment showing non-response during the treatment-free follow-up period (i.e., patients lost to follow up after EoT were not included in the calculation of relapse), Breakthrough/rebound was defined as non-response during the treatment period in patients with a previous response or increase in HCV RNA by ≥1 log10 during the treatment period versus the lowest value previously recorded during the treatment period. PegBase and phase III studies reflect not only differences in baseline characteristics, but also differences in the proportion of patients with prior relapse or non-response and in the intensity of the previous treatment regimen.
Predictors of good VR include absence of cirrhosis, homozygosity for the IL28B rs12979860 C allele and low viral load [18] . In the PegBase study, patients without transition to cirrhosis or cirrhosis had better virological outcomes than patients with transition to cirrhosis or cirrhosis, and higher response rates were seen in patients homozygous for the IL28B rs12979860 C allele than in patients heterozygous for the C and T alleles or in patients homozygous for the T allele. There was little difference in treatment response between treatmentnaïve patients with high or low viral loads; however, previously treated patients with low viral loads responded better than those with high viral loads.
The spectrum of AEs observed in PegBase is consistent with that reported in phase III studies of boceprevir-and telaprevirbased triple therapy [6] [7] [8] [9] . The lower incidence of certain AEs, such as rash, in PegBase (approximately 16%) than in phase III trials (>30%) is possibly a reflection of closer patient monitoring in registration studies.
The efficacy of first-generation PI-based triple therapy in PegBase is consistent with other "real-world" studies in that they also report lower SVR rates than those in registration studies [19] [20] [21] [22] . For example, in the German PAN cohort study [23] , SVR12 rates of 55% (boceprevir) and 63% (telaprevir) were obtained in treatment-naïve patients and 51% (boceprevir) and 68% (telaprevir) in previously treated patients. The Kaiser Permanente Medical Care Program in Northern California reported SVR rates of 53% and 56% with boceprevir-and telaprevir-based triple therapy [21] . SVR rates were also lower in previously treated patients with cirrhosis who received first-generation triple therapy in the French CUPIC study [20] . The CUPIC study is noteworthy in that it reported comparatively high rates of SAEs (50%) and hepatic decompensation (8%), and deaths were associated with severe infections, perhaps as a result of the inclusion of patients with contraindications for the triple-therapy regimens. The lower rates of SAEs, hepatic failure and the absence of a link between serious infection and deaths in PegBase suggests that contraindications were observed when selecting patients for PegBase.
The efficacy and safety profile of dual peginterferon alfa/ ribavirin therapy in PegBase is similar to that reported in previous randomized controlled studies and in other large real-world studies [24] [25] [26] [27] . The place of dual therapy in the treatment of CHC has continued to diminish since the PegBase study was initiated. In particular, dual therapy is no longer suitable in patients with access to DAAs, because of the lower efficacy and longer duration of treatment [10] [11] [12] .
No firm conclusions can be drawn regarding the comparative efficacy or safety of boceprevir and telaprevir or of peginterferon alfa-2a and peginterferon alfa-2b on the basis of this study, as patients were not randomized and betweengroup differences may be due to selection bias. Moreover, the dose and duration of treatment were left to the discretion of the investigators. Patient assessments were performed in local laboratories, which means that certain baseline characteristics, for example, IL28B genotype, were not known for all patients, and that the sensitivity of assays used to determine SVR varied between sites.
In conclusion, the overall efficacy of first-generation PI-based triple-therapy regimens in this real-world study was similar to that reported in other non-interventional studies and somewhat lower than that reported in registration trials, whilst the safety profile of triple therapy was broadly comparable to that in phase III clinical trials. Efficacy and safety with dual-therapy regimens were comparable to previous real-world studies. • When added to peginterferon alfa/ribavirin, the first direct-acting antiviral agents for chronic hepatitis C (boceprevir and telaprevir) increased sustained virological response (SVR) rates in genotype 1 patients and reduced the duration of treatment required to maximize SVR rates • First-generation protease inhibitor (PI)-based triple therapy is associated with a higher adverse event burden than dual peginterferon alfa/ribavirin therapy • SVR rates are higher in treatment-naïve patients than in previously treated patients • Previous cohort studies of first-generation PI-based triple therapy reported lower SVR rates than those achieved in registration studies
What the new findings are:
• The results of this large real-world observational trial of boceprevir-and telaprevir-based triple therapy in a heterogeneous "real-world" population are consistent with previous, smaller cohort studies that have reported somewhat lower SVR rates than those obtained in phase III registration studies • The tolerability profile of boceprevir-and telaprevir-based triple therapy in a real-world setting is similar to that reported in registration studies • When triple therapy is prescribed in accordance with local standards of practice, as recommended in this trial, and the approved label, as in the present study, the incidence of hepatic decompensation and death is low
